We analysed the fine structure of the phase space distribution function of nearby subdwarfs using data extracted from various catalogues. Applying a new search strategy based on Dekker's theory of galactic orbits, we found four overdensely populated regions in phase space. Three of them were correlated with previously known star streams: the Hyades-Pleiades and Hercules streams in the thin disk of the Milky Way and the Arcturus stream in the thick disk. In addition we find evidence for another stream in the thick disk, which resembles closely the Arcturus stream and probably has the same extragalactic origin.
Introduction
Fine structure in the velocity distribution of stars in the Milky Way was discovered and studied by O.J. Eggen during almost all of his career (Eggen 1996 and references therein). Some of Eggens's star streams are associated with young open clusters and can be naturally interpreted as clouds of former members, now unbound and drifting away from the clusters. Other streams contain only stars older than 10 Gyrs. Since for many members distances were not known but had to be assumed in order to construct space velocities, the real existence of such old streams has often been doubted.
However, modern data seem to confirm the concept of old star streams. Helmi et al. (1999) found the signature of a cold stream in the velocity distribution of the halo stars of the Milky Way when analyzing Hipparcos data. This was confirmed later by Chiba & Beers (2000) using their own data (Beers et al. 2000) . Helmi et al. (1999) interpreted this stream as part of the tidal debris of a disrupted satellite galaxy accreted by the Milky Way, which ended up in the halo. Indeed, numerical simulations have shown that relic stars from disrupted satellites can stay on orbits that are close together for many Gyrs (Helmi et al. 2003 , Helmi 2004 . These then show up as overdensities in phase space. In the same vein Navarro et al. (2004) argue that Eggens's (1996) Arcturus group is another such debris stream, but in the thick disk of the Milky Way, dating back to an accretion event 5 to 8 Gyrs
Correspondence to: fuchs@ari.uni-heidelberg.de ago. These observations complement observations of ongoing satellite accretion such as of the Sagittarius dwarf galaxy (Ibata et al. 1994) or very recent accretion in the form of the Monoceros stream discovered in the outer disk of the Milky Way with SDSS data (Newberg et al. 2002 , Yanny et al. 2003 , Rocha-Pinto et al. 2003 , Peñarrubia et al. 2005 . Extended periods of the accretion of satellites onto massive galaxies are also theoretically expected. For instance, recent sophisticated simulations of the formation of a disk galaxy in the framework of cold dark matter cosmology and the cosmogony of galaxies by Abadi et al. (2003a, b) suggest that disrupted satellites significantly contribute not only to the stellar halo but also to the disk of a galaxy.
Old moving groups are also observed in the velocity distribution of thin disk stars in the solar neighbourhood. Using Hipparcos parallaxes and proper motions, Dehnen (1998) found new evidence of the Sirius-UMa, PleiadesHyades, and Hercules star streams by statistical methods. Even more convincingly these streams show up in the extensive data sample of the three-dimensional kinematical data of F and G stars in the solar neigbourhood by Nordström et al. (2004, hereafter NMA+) . The crowding of these stars on orbits in certain parts of velocity space is attributed to dynamical effects. Dehnen (2000) and Fux (2001) demonstrate that the Hercules stream may well be due to an outer Lindblad resonance of the stars with the central bar of the Milky Way. The Sirius-UMa and Pleiades-Hyades streams, on the other hand, are probably due to orbital resonances of stars in the solar neighbour-hood with spiral density waves in the Milky Way disk (De Simone et al. 2004 , Quillen & Minchev 2005 . However, there are also hints that further overdensities in velocity space might be relics of accreted satellites (Helmi et al. 2005 ).
Here we use our own data (Arifyanto et al. 2005 ; hereafter AFJW) on the kinematics of nearby subdwarfs and develop a new strategy to search for signatures of old star streams in the phase space distribution of the stars. We then cross check our findings with the NMA+ data.
2. Data and search strategy for streams 2.1. Data AFJW construct their data set from the sample of F and G subdwarfs of Carney et al. (1994, hereafter CLLA) , which is based on the Lowell Proper Motion Survey, the so-called Giclas stars. While keeping the precise radial velocity and metallicity data of CLLA, AFJW have significantly improved the accuracy of the distances and proper motions for a subset of the CLLA sample. The original CLLA sample contains 1464 stars, but kinematical and metallicity data are not available for every star. Many of the CLLA stars were observed with Hipparcos, and AFJW identified 483 stars in the astrometric TYC2+HIP catalogue (Wielen et al. 2001 ) and replaced the parallaxes and proper motions of CLLA by Hipparcos parallaxes and proper motions, respectively. The Hipparcos parallaxes were then used to recalibrate the photometric distance scale for the rest of the CLLA stars. AFJW could identify 259 CLLA stars in the Tycho-2 catalogue (Høg et al. 2000) and adopted the proper motions given there. Thus the sample of AFJW that forms the basis of our analysis contains 742 subdwarfs with greatly improved parallax and proper motion data. While the photometric distances were corrected by a factor of about 10%, the old NLTT proper motions were improved from an accuracy of 20 to 30 mas/yr to 2.5 mas/yr.
Search strategy
The aim of our search is to find overdensities of stars in phase space on orbits that stay close together. For that purpose we use Dekker's (1976) theory of galactic orbits. Since the latter is not well known despite its usefulness, we repeat the basic steps here to estimate the parameters of stellar orbits. The first step is to separate the planar from the vertical motion of a star. This assumption is justified, because we are treating orbits of stars with disklike kinematics. Concentrating now on the planar motion in the galactic plane, the equation of motion of a star moving in the meridional plane is given bÿ
where R denotes the galactocentric radius. The effective potential Φ eff is constructed in the usual way with both the gravitational potential Φ(R), which is assumed to be axisymmetric, and the vertical component of the angular momentum of the star L . Dekker's theory proceeds then like standard epicycle theory by choosing a mean guiding centre radius for the orbit of a star R 0 by setting
the mean angular frequency of a stellar orbit. The energy of a star on the circular mean guiding centre orbit is obviously given by
Furthermore the epicyclic frequency κ 0 is introduced,
The key point of Dekker's (1976) formalism is to expand the potential with respect to
, which is asymmetric with respect to R 0 and thus more realistic than the Taylor expansion of Φ(R) in the standard epicycle theory. Expression (4) is written as
with the coefficients a 0 = E 0 + (5) is inserted, this leads to
The orbits are thus characterised by the two isolating integrals of motion angular momentum L and energy E. By comparing her approximation (4) with various forms of exact potentials Dekker (1976) has shown that it gives reliable results up to eccentricities of e ≈ 0.5. L and e can be estimated directly for each star in our sample. We assume that every star is essentially at the position of the Sun and find
Here R ⊙ denotes the galactocentric distance of the Sun, for which we adopt 8 kpc, V is the velocity component of the star pointing into the direction of galactic rotation, and V LSR is the circular velocity of the local standard of rest, for which we adopt 220 km/s. The eccentricity e is given by
with U = −Ṙ the radial velocity component of the star. In the following we assume a flat rotation curve implying κ . The search for overdensities in phase space of stars on essentially the same orbits is carried out in practice in a space spanned up by √ U 2 + 2 V 2 and V . In addition we study the distribution of stars in our sample in (|W |, V ) velocity space. Since the Sun is located very close to the galactic midplane, the absolute value of the vertical velocity component|W | is a measure of the energy associated with the vertical motion of a star.
Results and discussion
We split our sample up into two subsets with metallicities of [Fe/H] > -0.6 and [Fe/H] ≤ -0.6, respectively.
Thin disk
The stars in our sample with metallicities [Fe/H] > -0.6 dex have kinematics of the old thin disk of the Milky Way. Of course the metallicity cut is somewhat arbitrary, because the thin and thick disk populations do not have a bimodal metallicity distribution, but the transition is quite gradual. In Fig. 1 we show the distribution of 309 stars, which have |W | velocities < 50 km/s, over √ U 2 + 2 V 2 versus V and |W | versus V , respectively. The space velocities have been reduced to the local standard of rest by adding the solar motion (U, V, W ) ⊙ = (10.0, 5.2, 7.2) km/s (Dehnen & Binney 1998) to the observed space velocities. Instead of scatter plots we show colour coded wavelet transforms of our data in Fig. 1 . For this purpose we used the two-dimensional Mexican-hat wavelet transform described by Skuljan et al. (1999) . After some experimentation we found that a wavelet scale of 10 km/s showed the overdensities in the data samples in the clearest way. The Hercules stream at V ≈ -40 km/s is clearly visible as is, to a lesser degree, the Hyades-Pleiades stream at V ≈ -15 km/s, and in both cases exactly where expected (Dehnen 2000, NMA+). Since these streams have been discussed widely in the literature, we do not go into any further details. We present them mainly to demonstrate that by recovering previously known streams our method is well-suited to searching for cold star streams. On the other hand, it is instructive in order to assess the reality of such overdensities in phase space to compare the observed distribution with Monte Carlo simulations of realisations of a smooth distribution. In Fig. 2 we show such a Monte Carlo simulation analysed in the same way as the observations. Three hundred nine stars were distributed in the range -200 km/s < V < 50 km/s and √ U 2 + 2 V 2 < 300 km/s, respectively, according to a Schwarzschild distribution
with parameters σ U = 45 km/s, σ V = 32 km/s, andV = 26 km/s, which have been derived from the CNS4 catalogue as representative of disk stars in the solar neighbourhood (Jahreiß & Wielen 1997). As can be seen from Fig. 2 the simulated distributions looks generally smoother than the observed distribution but also show considerable Poisson fluctuations that can be confused with real cold star streams. The only remedy for detecting real star streams is obviously to search for such streams in separate data sets.
Thick disk
The remaining stars of our sample with metallicities [Fe/H] ≤ -0.6 dex belong to the thick disk and halo of the Milky Way. The distribution of 382 stars is shown in Fig. 3 in the same way as above, but now restricted to |W | < 100 km/s. There are two distinct features in the phase-space distribution function. The lesser feature at V ≈ -125 km/s corresponds to the familiar Arcturus stream (Eggen 1996, Navarro et al. 2004). The stars in this phase space region are listed in Table 1 (available only in electronic form) giv- (7) the guiding centre radius of the orbits of the stars now passing close to the Sun is R 0 = 0.43 R ⊙ = 3.5 kpc. The eccentricity is e R0 = 0.59 implying an outer turning radius of R t = 2.5 R 0 = 8.5 kpc. The stars are apparently close to apogalacticon, when they are at their slowest on their orbits and the detection probability is highest. In  Fig. 4 we show a colour-magnitude diagram of the presumed members of the Arcturus stream listed in Table 1 . Overlaid are theoretical isochrones of subdwarfs with an age of 12 Gyrs calculated for metallicities [Fe/H] = -0.5, -1, and -1.5, respectively (Yi et al. 2001) . The good fit of the isochrones indicates that the selected stars must be very old. In particular the tip of the main sequence fits well to the turn-off points of the isochrones. This is not a selection effect in the AFJW sample, because the brightest stars in the sample have absolute magnitudes of M V < 4 mag. Judging from the ages and metallicities of the stars and the similarity of their kinematics with that of debris from a disrupted satellite in the vicinity of the Sun, we follow Navarro et al. (2004) in concluding that the members of the Arcturus stream are of extragalactic origin. As can be seen in Fig. 3 there is a second strong feature in the phase-space distribution of the thick-disk stars. This seems to be even more significant than the overdensity in the Arcturus region. The stars in this overdensely populated region are listed in Table 2 . To our knowledge the existence of a cold star stream in this part of phase space has not been suggested before. Comparing Figs. 3 and 1 we find a clear indication of a corresponding density enhancement at V ≈ -70 km/s in Fig. 1 . This phase-space feature can thus also be traced among the more-metal rich stars, but is more prominently seen in the metal-poor population.
In order to test the robustness of our findings we analysed the Copenhagen-Geneva Survey of nearby F and G stars (NMA+). This is based on Hipparcos parallaxes, Tycho-2 proper motions, radial velocities, and Strömgren photometry measured by the authors themselves. We have drawn all those stars from the catalogue with metallicities [Fe/H] < -0.6 and show a wavelet analysis of the phase-space distribution function of 591 stars in Fig. 5 in the same way as in Figs. 1 and 3 . Comparing Figs. 5 and 3 it becomes immediately clear that the NMA+ sample is much more fully populated at low space velocities. This reflects that the latter is kinematically unbiased, Fig. 5 there is a weak but significant sign of the Arcturus stream, and some of the stars found as members of the Arcturus stream in the AFJW sample appear in the NMA+ catalogue. In our view this is due to the kinematical bias in the AFJW sample, so that the phase space is more richly populated at these negative V -velocities than in the NMA+ sample. For instance, in the NMA+ sample there are 144 stars with -200 km/s < V < -50 km/s and √ U 2 + 2 V 2 < 400 km/s, respectively, whereas in the AFJW sample there are 191 stars in the same range. However, the overdensity between -100 km/s < V < -60 km/s is clearly discernible in Fig. 5 , which confirms the detection of the new cold star stream claimed above.
Our data as given in Tables 1 and 2 show that the velocity and metallicity distributions of the members of the proposed new stream and the Arcturus stream are practically identical. Also the colour-magnitude diagrams shown in Fig. 4 seem to indicate that the stars stem from the same population. We place the centre of the proposed new stream at V = -80 km/s and √ U 2 + 2V 2 = 130 km/s implying |U | = 64 km/s. The mean guiding centre radius of the orbits of these stars now passing close to the sun is R 0 = 0.64 R ⊙ = 5.1 kpc. The eccentricity is e R0 = 0.42 and the outer turning radius is at R t = 1.7 R 0 = 8.7 kpc. Thus the stars of the proposed new stream are also on their orbits close to apogalacticon. Their orbits are actually very similar to the orbits of the presumed members of the Arcturus stream. We can at present only speculate about the possible origin of the stream. However, the similarity of the characteristics of the new stream with the Arcturus stream seems to point to an extragalactic origin. Moreover, both streams are probably related to each other. Indeed, Helmi et al. (2005) show that in numerical simulations of the disruption of a satellite galaxy falling into its parent galaxy, the satellite debris can end up in several cold star streams with roughly the same characteristic eccentricities of their orbits. Precisely this seems to be the case here, so that both streams can have very well originated from the same accretion event of a dwarf galaxy into the Milky Way. How the star streams discussed here are related to the star streams reported by Helmi et al. (2005), especially their groups 2 and 3, has yet to be explored. 
